To date, genome-wide association studies (GWAS) permit a comprehensive scan of the genome in an unbiased manner, with high sensitivity, and thereby have the potential to identify candidate genes for the prevalence or development of multifactorial diseases such as bronchial asthma. However, most studies have only managed to explain a small additional percentage of hereditability estimates, and often fail to show consistent results among studies despite large sample sizes. Epistasis is defined as the interaction between multiple different genes affecting phenotypes. By applying epistatic analysis to clinical genetic research, we can analyze interactions among more than 2 molecules (genes) considering the whole system of the human body, illuminating dynamic molecular mechanisms. An increasing number of genetic studies have investigated epistatic effects on the risk for development of asthma. The present review highlights a concept of epistasis to overcome traditional genetic studies in humans and provides an update of evidence on epistatic effects on asthma. Furthermore, we review concerns regarding recent trends in epistatic analyses from the perspective of clinical physicians. These concerns include biological plausibility of genes identified by computational statistics, and definition of the diagnostic label of 'physician-diagnosed asthma'. In terms of these issues, further application of epistatic analysis will prompt identification of susceptibility of diseases and lead to the development of a new generation of pharmacological strategies to treat asthma.
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Background
To date, the rapid evolution of genetic technology provides opportunities for genome-wide association studies (GWAS) to identify genes related to multifactorial diseases such as bronchial asthma [1] [2] [3] [4] . One of the advantages of GWAS is that they permit a comprehensive scan of the genome in an unbiased manner and thereby have the potential to identify novel genetic factors for the development of related diseases. In addition, GWAS have high sensitivity, which allows detection of signals localized to small regions of the chromosome containing only a single or a few genes, enabling us to identify the targeted genes. However, most GWAS have only managed to explain a small additional percentage of hereditability estimates, and exhibit poor reproducibility [5, 6] . Several complementary strategies have been adopted to overcome these study limitations, including large-scale recruitment of cases and controls. In fact, it is known that an increase in sample size by collection of data from multiple studies, such as a meta-analysis, generates additional statistical power to detect smaller odds ratios [7, 8] . Nevertheless, these large-scale studies often fail to show consistent results. In addition, from the point of view of clinical specialists, large-scale recruitment of samples leads to difficulty in ensuring uniformity of the phenotype among individuals, as is the case with asthma. An increasing number of reports clearly demonstrate that asthma is a complex disease made up of a number of disease variants (often referred to as asthma 'endotypes') with different underlying pathophysiology [9] [10] [11] .
Thus, the design of genetic studies is now being reviewed from newly emerged perspectives such as systems biology using network models in cellular signaling systems [12] . As one of these research trends, the concept of gene-gene interactions, referred to as epistasis, has recently gained attention in genetic studies [13, 14] . Epistasis is defined as the interaction, mainly statistical, between 2 different factors (gene-gene or protein-protein) affecting phenotypes. By applying an epistatic analysis to clinical genetic research, we can analyze interactions among more than 2 molecules (genes) considering the whole system of the human body, illuminating the reality of dynamic molecular mechanisms. Furthermore, it might provide a potential breakthrough to address the current limitations of ordinary GWAS.
The purpose of the present review was to introduce the concept of epistasis and to summarize previous articles using this concept in asthma research. Furthermore, we aim to discuss the limits and potential for clinical application of epistatic analysis developed in biology, mainly based on mathematics and statistics. Such practical application will help us investigate the pathophysiology of common respiratory diseases such as asthma.
Gene-gene Interactions (Epistasis)
Epistasis is a promising concept among various investigations of the association of genetic predisposition with phenotypes [15] . Contrary to Mendel's classical law of heredity, in which each gene locus is supposed to show an independent effect on a single phenotype without any interactions between genes, it has been proven that 2 different gene loci can affect the same phenotype [16] [17] [18] . The action between 2-loci was classically defined as 'epistasis' [19] . Although the definitions and interpretations of this term are somewhat inconsistent in the literature [20] , the term is now used: 1) when 2 or more loci interact to create a new phenotype, and 2) when an allele at 1 locus masks or modifies the effects of alleles at 1 or more other loci [15] . The phenotypic effect of a specific gene mutation entirely depends on the overall genetic background affected by many other gene mutations [19, 21] . Furthermore, the combined effects of more than 2 loci on phenotypes are not simply additive, but are either synergistic or antagonistic [22] .
While the new concepts of epistasis and multiple gene approaches continue to evolve further [23] , studies of epistasis still tend to place importance on mathematically rigorous analyses, often without taking biological plausibility into account. However, studies of epistasis are more in line with a recent trend of molecular interactions in 'systems biology' [24] . According to systems biology, dynamic networks consisting of numerous interactions among intracellular molecules modulate cellular activities including growth, development, and physiological actions [25, 26] . For example, many receptors, including G-coupled protein receptor (GPCR), can modify the function of other receptors through dimer formation or intracellular signal cross-talking [27, 28] . Recently, such molecular systems provided the basis for new strategies for epistatic analysis [29] [30] [31] . A growing number of studies based on the observation of epistatic interaction have been conducted in various clinical settings, such as essential hypertension [32] [33] [34] , diabetic nephropathy [35] , psychiatric disorders [36, 37] , and nicotine dependence [38] . These studies show examples of epistatic interactions in human diseases, and findings can be interpreted on the basis of systems biology. This research trend will undoubtedly extend into the research area of respiratory medicine. An increasing number of asthma articles have been published using epistatic analyses (Table 1 , see the next section).
Epistatic Analyses in Asthma Research

Interleukin (IL)-4-and IL-13-related genes
Asthma is characterized by variable airflow obstruction and airway hyperresponsiveness (AHR), particularly in response to bronchial provocation with methacholine and histamine [39] .
Airway inflammation plays a crucial role in the mechanisms responsible for asthma diathesis [40] . An increasing number of studies on epistasis in asthma research have focused on interactions among cytokines and cytokine-associated receptors, particularly IL-4 and IL-13. For example, an earlier report in a Dutch population demonstrated that epistatic interaction between IL4-Ra (S478P) and IL-13 (-1111 C/T) markedly increases an individual's susceptibility to asthma [41] . A synergic gene-gene effect was reported between the IL-4 (-590C) and the IL-4Ra (Arg551 allele), which significantly increases susceptibility to asthma in Korean children, as diagnosed by physicians [42] . In addition, the same Korean research group reported that the IL-13 (A-1512C or C-1112T) and IL-13 receptor (IL-13R) a-1 polymorphisms (A+1398G) may interact to enhance total immunoglobulin E (IgE) production [43] . In a study investigating African Americans with asthma, ethnicity-specific gene-gene interaction between the IL-13 (A-646G) and IL-4R genes (A+4679G) were shown to have a significant effect on baseline lung function (forced expiratory volume in 1 second [FEV 1 ]) [44] . A candidate gene study in a Finnish population AHR -airway hyperresponsiveness; AOAH -acyloxyacyl hydroxylase; CAT -catalase; CTLA4 -cytotoxic T-lymphocyte antigen 4; DPP10 -dipeptidyl peptidase 10; EGFR -epidermal growth factor receptor; FCER1b -b-chain of the high-affinity receptor for IgE; FOXP3 -forkhead box protein 3; FRMD6 -FERM domain containing 6; IgE -immunoglobulin E; IL -interleukin; IL-4Ra -interleukin-4 receptor a; IL-13Ra1 -interleukin-13 receptor a1; LILRA4 -leukocyte immunoglobulin-like receptor subfamily A-4; MPO -myeloperoxidase; NPSR-1 -neuropeptide-S receptor 1; NQO-1 -nicotinamide adenine dinucleotide (phosphate) reduced: quinone oxidoreductase; PAI-1 -plasminogen activator inhibitor 1; PAR-1 -protease-activated receptor-1; PTGER2 -prostaglandin-E2 receptor; PRPF19 -pre-mRNA-processing factor 19; RORA -retinoic acid receptor-related orphan receptor a; STAT6 -signal transducer and activator of transcription 6; TGFb1 -transforming growth factor b1; TGFbR2 -TGF-b receptor-2; TLR4 -Toll-like receptor-4; TNC -tenascin C; VTCN1 -V-set domain containing T-cell activation inhibitor 1. demonstrated an epistatic effect between a pair of T-cell cytokine genes encoding IL-1a and IL-4Ra on the risk for atopy [45] . In a study focused on females in the same Finnish population [46] , a significant epistatic interaction was observed between Toll-like receptor 4 (TLR-4) and IL-4. More recently, some studies have investigated epistatic effects of a pair of genes including IL-4 and IL-13, based on known asthma-related genes whose epistatic effects were not previously investigated [47] [48] [49] .
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T cell and transforming growth factor (TGF)-b-related genes
Besides IL-4 and IL-13, regulatory T (Treg) cells have been recently identified to play a key role in balancing immune responses to maintain or acquire tolerance against allergens [50] . Some studies investigated the epistatic effects of genes involved in the development and function of Treg cells, such as IL-2Ra, TLR-2, TGF-b-1, TGF-b receptor (TGF-bR)-2, IL-10, and Forkhead box protein 3 (FOXP3) on asthma-related phenotypes. A largescale study consisting of 3 Dutch birth cohorts demonstrated an epistatic effect between TGF-bR-2 and FOXP3 polymorphisms on milk-specific IgE serum levels in boys and girls [51] . Furthermore, the same research group examined epistatic effects among genes involved in T cell and antigen-presenting cell co-stimulatory genes, and logistic regression analyses revealed 2-locus interactions of CD86 with the V-set domain containing T-cell activation inhibitor 1 (VTCN1) and CD274 with leukocyte immunoglobulin-like receptor subfamily A-4 (LILRA4) on serum IgE levels [52] . In addition, in a study of the other role of TGF-b and IL-10 in allergic diseases, genes of TGF-b-1 (-509C/T) and IL-10 (-1082A/G) were reported to be associated with aspirinintolerant asthma by gene-gene interactions [53] .
Innate immunity-related genes
The interplay between innate and adaptive immunity plays a role in the development of allergic diseases. For example, environmental exposure of bacterial lipopolysaccharide (LPS) affects the risk for allergy and asthma [54 55 ]. LPS recognition is mediated by a signaling pathway consisting of CD14, MD-2, and TLR-4 [56] . In particular, CD14 has been identified as a candidate gene affecting serum IgE levels and asthma [57] [58] [59] [60] . A leukocyte enzyme, acyloxyacyl hydroxylase (AOAH), is also an important host defense molecule, as deacylation of LPS by AOAH decreases stimulation of cells through the signaling complex of CD14-MD2-TLR-4 [61] . A previous study investigating gene-gene interactions between AOAH marker rs2727831 and CD14 (-260) C>T genotype demonstrated that the presence of the TT genotype at either loci (but not both) reduced the risk for asthma (odds ratios <1) and conferred lower total IgE levels compared with those in the reference group. However, the presence of the TT genotype at both loci increased the risk for asthma (odds ratios >1), suggesting the presence of a qualitative interaction in a population with African ancestry [62] .
Oxidative stress-related genes Catalase (CAT) and myeloperoxidase (MPO) are enzymes known to play a role in the etiology of various respiratory conditions related to oxidative stress, such as asthma [63] [64] [65] . A novel strategy of focused interaction testing framework (FITF) identified a significant multilocus epistatic effect between the nicotinamide adenine dinucleotide (phosphate) reduced: quinone oxidoreductase gene (NQO1), MPO, and CAT on the risk for asthma, and these results have been replicated among children in various ethnic groups [66] .
Airway remodeling-related genes
Many structural and functional alterations (remodeling) of residual cells and extracellular matrix, as well as airway inflammation, play crucial roles in the mechanisms responsible for asthma diathesis [67, 68] . The plasminogen activator system is one of the mechanisms that regulate the tissue remodeling process, such as endogenous fibrosis and extracellular matrix (ECM) proteolysis [69] . In addition, the plasminogen activator inhibitor 1 (PAI-1) gene is expressed in activated mast cells after minute amounts of allergen and high-affinity receptor for IgE (FceRI) cross-link on these cells [70] . A previous study showed synergistic effects of the PAI-1 4G/5G genotype and the b chain of FceRI (FCER1B) -109C/T or FCER1B -654C/T on the presence of asthma in a Japanese population [71] .
Few epistatic analyses have focused on AHR per se in asthma. Although AHR is one of the essential characteristics in symptomatic patients with asthma, many studies show that some atopic young adults with no symptoms of asthma also exhibit AHR (referred to as asymptomatic AHR) [72] [73] [74] . Previous findings have revealed the important roles of epidermal growth factor receptor (EGFR) [75] [76] [77] and proteaseactivated receptor (PAR)-1 [78] [79] [80] [81] in mediating a variety of aspects in asthma, including airway remodeling. Moreover, in vitro studies previously revealed that EGFR activation mediates PAR-1 mitogenic signaling through intracellular signal cross-talking [82] . Epistatic analyses revealed an integrated effect of EGFR and PAR-1 on the development of asymptomatic AHR with atopy [83] . In addition, lower baseline FEV 1 (% predicted) was observed in subjects with AHR compared with those without AHR.
Other little-known genes in asthma
Although many of the studies described above investigated epistatic interactions among genes as defined by well-studied biologic pathways, recent genetic studies tend to use traditional linkage studies or GWAS findings. For example, retinoid acid receptor-related orphan receptor a (RORA) was identified as the susceptibility gene for asthma in a previous GWAS [84] . A recent study showed that 7 single-nucleotide polymorphisms (SNP) on the gene encoding RORA were associated with physician-diagnosed childhood asthma, and that the risk effect of one of the SNPs was dependent on the SNP on the gene of neuropeptide S receptor 1 (NPSR-1) [85] . RORA is a transcription factor in the nuclear hormone-receptor superfamily and binds to the specific binding site of hormone response elements (RORE) in DNA. Regarding NPSR-1, other studies also demonstrated epistatic effects of NPSR-1 with tenascin C (TNC) [86] and dipeptidyl peptidase 10 (DPP10) on the risk for asthma [87] . Another study selected various candidate genes on 11q13 and 14q22 asthma susceptibility genome regions on the basis of past linkage analyses [88] . The study used Bayesian network-based Bayesian multilevel analysis of relevance (BN-BMLA), which provides detailed characterization of the relevance of factors, such as joint significance, the type of dependency, and multi-target aspects. The study showed the possibility of epistatic interactions among FERM domain containing 6 (FRMD6), prostaglandin-E2 receptor (PTGER2), and pre-mRNA-processing factor 19 (PRPF19).
Considerations About Clinical Application of Epistatic Analyses in Asthma Research -Limits and Potentials
Many years have passed since the proposal of theoretical epistasis and we can now actually examine the effects of epistatic interactions on the development of diseases such as asthma in the human body by using advanced genetic experiments and mathematical approaches. An increasing number of clinical studies have selected more than 2 candidate genes on the basis of biological pathways already known by previous in vitro experiments. Furthermore, recent studies have selected novel type of genes from the gene lists of GWAS. However, some issues should be considered when establishing the actual clinical application of epistatic analyses through the eyes of clinical doctors.
First, we should consider whether there is ample biological plausibility of the findings made by epistatic analyses. The advantage of the examination of epistasis between genes is that we can bring out a truly concentrated effect of molecular interactions along the putative pathophysiological pathway. However, recent mathematical tools have revealed some epistatic interactions between novel genes as a risk of physiciandiagnosed asthma in an unbiased manner [85] [86] [87] [88] . These genes and their epistatic relationships appear to lack biological plausibility compared with those defined by well-studied biologic pathways. Furthermore, these findings cannot be used to draw any conclusions about whether the epistatic effects are primary or secondary causes in the disease process. In addition, it is often difficult for clinical researchers without mathematical knowledge to understand the abstruse computational techniques used in epistatic analyses. Collectively, most clinical researchers do not know how to evaluate the biological plausibility or clinical value of the results of these analyses.
Second, and more importantly, most studies investigating epistatic interactions attach little importance to the definition of disease or phenotype. Even if the gene experimental techniques or computational genetics are likely superior to other classical ones, the poor definition of the target phenotype or disease definitely degrades the quality of the study findings, and thus doctors cannot apply the evidence to clinical practice. The epistatic effects are often represented by the presence or absence of the diagnostic label of 'disease' like 'physiciandiagnosed asthma'. However, from the perspective of clinical professionals, the symptoms and signs of asthma are multifaceted and vary among patients. In this sense, such a definition of the epistatic effects (ie, presence or absence of disease) is inappropriate because the definition depends largely on the clinical decisions by individual physicians, particularly in a large-scale study, even when diagnostic criteria were consistently set in the genetic study. Accordingly, we need to determine a clear and objective definition of the epistatic effects so that all researchers can make the same judgment based on the presence or absence of the epistatic effects ( Figure 1 ). To that end, it is ideal to focus on quantitatively measurable parameters representing disease components along the presumable pathway between disease and genotype, thus eliminating ambiguity of the definition of epistatic effects. In this sense, total IgE levels in blood, FEV 1 , and AHR can be objectively measured and thus are appropriate for clear definitions of the epistatic effects [89] . Our recent study design is an example of this approach [83] . Such quantitatively measurable parameters provide other advantages for genetic studies. In general, a patient exhibits a subset of quantitative characteristics of asthma, such as eosinophilic or neutrophilic inflammation, lower baseline FEV 1 , and AHR, adding a level of complexity. In contrast, some individuals have only a single salient feature, as seen in young adults with asymptomatic AHR, who are likely to be suitable for genetic studies because confounding features can be minimized. In this context, a genetic approach using quantitatively measurable parameters is well suited for the identification of risk factors in individuals who are likely to have disease prior to the complete development of significant symptoms and signs. Furthermore, it seems worthy to combine this style of genetic approach with prospective research to follow individuals at risk for disease. However, we need to be aware that findings obtained from this approach are unlikely to capture the overall variety of disease features, because this approach limits findings to a specific feature of the disease at some structural or functional level in a single study. To show clinical relevance, we will need to accumulate evidence from similar approaches with different objective parameters and different combinations of molecules.
Conclusions
Phenotypes and genotypes are the most basic concepts in clinical science as well as in genetics and evolutionary biology, and phenotypes usually connect to multiple genes through complex and entangled networks. To unravel these networks and to investigate true causal gene-phenotype couplings, we should take advantage of epistatic analyses, which offers a clear definition of disease features defined by measurable parameters along plausible functional or pathophysiological mechanisms. This type of study design facilitates identification of clinically relevant factors that are the core goal of clinical genetic studies. Future advances in this style of research will prompt identification of susceptibility of diseases in individuals at risk and will help develop of a new generation of pharmaceutical strategies to treat common respiratory diseases such as asthma.
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